er than within days. Volumes of the Plexiglas (acrylic plastic) measurement chambers were 0.02 m 3 for 0.09-m 2 plots and 0.1 m 3 for 0.2-m 2 plots. The 4.4-m 3 chambers for the 6.25-m 2 plots had permanent walls and a temporary plastic roof. CO 2 measurements were made with a LICOR 6200 portable infrared gas analyzer (7, 8) . Measurement duration averaged 60 s, with a chamber effect on temperature (Ͻ2°C) only during periods of direct solar radiation. Because of the small magnitude of the temperature change, the small effect of temperature on flux (see results), and a study design that measured fluxes from disturbed and undisturbed sites under similar conditions, any biases due to chamber effects are probably small. Fluxes measured with an aerodynamic method, based on the vertical profile of CO 2 concentration and wind speed [ J. L. Monteith and M. H. Unsworth, Principles of Environmental Physics (Hodder and Stoughton, London, 1990)], gave identical seasonal amplitudes of net CO 2 flux to chamber measurements (S. A. Zimov et al., data not shown), validating our chamber technique. In winter, we used a water jacket to stabilize the temperature of the gas analyzer. 27. We estimate the area-weighted average high-latitude carbon uptake (U) as [0.21% in 1960s, 0.57% in 1990s (20)]; and T is 30 years, the time a disturbed site is dominated by early successional vegetation (21). U increased 15% from the 1960s to the 1990s. The average circumpolar changes in disturbance (A b ) and recovery rates (T ) are unknown, so this calculation is only illustrative. 28. We thank I. Fung, J. Gruenzweig, J. Harte, A. McGuire, and J. Randerson for critical review of the manuscript.
3 chambers for the 6.25-m 2 plots had permanent walls and a temporary plastic roof. CO 2 measurements were made with a LICOR 6200 portable infrared gas analyzer (7, 8) . Measurement duration averaged 60 s, with a chamber effect on temperature (Ͻ2°C) only during periods of direct solar radiation. Because of the small magnitude of the temperature change, the small effect of temperature on flux (see results), and a study design that measured fluxes from disturbed and undisturbed sites under similar conditions, any biases due to chamber effects are probably small. Fluxes measured with an aerodynamic method, based on the vertical profile of CO 2 concentration and wind speed [ J. L. Monteith and M. H. Unsworth, Principles of Environmental Physics (Hodder and Stoughton, London, 1990)], gave identical seasonal amplitudes of net CO 2 flux to chamber measurements (S. A. Zimov et al., data not shown), validating our chamber technique. In winter, we used a water jacket to stabilize the temperature of the gas analyzer. 27 . We estimate the area-weighted average high-latitude carbon uptake (U) as U ϭ A d (F d In most multicellular organisms, cells are embedded in a complex extracellular matrix that keeps them together and influences the shape, development, and polarity of the cells they contact. Animal cells have such an extracellular matrix at their surface, but plants possess a distinct wall that encloses every cell. Many important differences between plants and animals with respect to nutrition, growth, reproduction, and defense mechanisms can be traced to the plant cell wall (1) . Cell wall extensibility is a major determinant of plant growth (2) . The biosynthesis of plant cell walls is very tightly regulated. Although an individual plant cell may expand its volume by nearly 20,000 times, its cell wall must maintain a uniform thickness and structure to prevent hemorrhaging of the cell through local defects (2). However, despite extensive descriptions of the chemical and physical structure of the plant cell wall, very little is known about its biosynthesis. One gene encoding a cell wall-synthesizing enzyme, cellulose synthase, has been cloned (3). The flexible primary walls of young plant cells are mainly composed of cellulose microfibrils and matrix polysaccharides. Matrix polysaccharides include hemicelluloses that bind tightly but noncovalently to cellulose microfibrils, cross-linking them into a complex network. The hemicellulose xyloglucan (XG) makes up approximately 20% of the total cell wall in dicot and nongraminaceous monocot plants and forms a load-bearing network by associating to the surfaces of surrounding cellulose microfibrils through hydrogen bonds (4, 5) . XG contains a ␤-1,4-glucan backbone decorated with side chains of xylose alone; xylose and galactose; and xylose, galactose, and fucose. The presence or absence of the terminal fucose residue may have structural and biological significance. Some models suggest that the presence or absence of this fucose residue will determine whether the xyloglucan conformation is planar and thus better able to bind to cellulose (6), though contradicting evidence has been described (7) . XG networks may be modified by XG endotransglycosylase (XET), an enzyme that cleaves and rejoins adjacent XG chains. A recombinant XET demonstrated different activity rates for fucosylated versus nonfucosylated XG oligosaccharide acceptors, indicating that the fucosylation state may affect XET modification of the cell wall (8) . In addition, oligosaccharides consisting of an XG nonasaccharide prevent auxin-promoted elongation of pea stems if these oligosaccharides contain fucose but not if they lack fucose (9). Thus, it is possible that XG fragments act as signaling molecules in vivo.
Most matrix polysaccharides are branched molecules modified by various sugars. These modifications are important because they allow heterogeneity in the shape of matrix polysaccharides and in the patterns of cross-links, resulting in a dynamic and porous cell wall. These polysaccharide modifications occur via glycosyltransferase reactions, many of which occur in the Golgi complex (10) . Attempts to clone plant glycosyltransferases using sequences derived from bacterial or mammalian transferases have been unsuccessful (11) . This is not entirely unexpected, for although Golgi glycosyltransferases often have similar general structural features, they rarely share extensive sequence similarity (12) .
The terminal fucosyl residue on XG side chains is added by a fucosyltransferase (FTase). We purified enough of this FTase from pea epicotyls to determine partial amino acid sequences from the enzyme. Microsomes were prepared from the pea epicotyls, carbonatewashed to enrich for membrane proteins (13) , and solubilized with nonionic detergent such as Triton X-100. A specific assay for this enzyme was developed using tamarind or nasturtium seed storage XG, which lack fucosyl residues, as acceptor molecules and radiolabeled guanosine diphosphate (GDP)-fucose as a donor (14, 15) . GDP-agarose affinity chromatography, size exclusion chromatography, and anion exchange chromatography were used in conjunction with FTase activity assays to purify and detect the enzyme ( Fig. 1 ) (16). It was possible to purify XG FTase 1400-fold after size exclusion chromatography, resulting in a total of 50 g of protein containing 70 nanokats (nKat) (nanomoles of substrate incorporated into the product per second) of XG FTase activity. To confirm that the purified pea protein synthesizes an ␣-1,2 fucose: galactose linkage, carbohydrate analysis was performed on the product resulting from in vitro fucosylation of tamarind XG by purified FTase (Table 1 ) (17). Linkage analysis indicated that incubation of tamarind XG with purified FTase resulted in a decrease in the mole percentage of terminal galactose and the appearance of 2-galactose and terminal fucose, thus verifying the activity of the purified enzyme (Table 1) . After biochemical purification and subsequent analysis, two polypeptides of approximately 65 and 60 kD in size were observed to copurify with XG FTase activity (Fig. 1 ).
Limited peptide sequences were obtained from both proteins (18). The 65-kD peptide was identified as a homolog of BiP, a molecular chaperone usually localized to the endoplasmic reticulum. It remains unclear whether copurification of BiP with FTase represents an important interaction. Six peptides analyzed from the 60-kD protein were not significantly similar to proteins of known function in databases but did allow the identification of an Arabidopsis expressed sequence tag (EST), the sequence of which encoded four out of the six peptides, with amino acid identity ranging from 63 to 85% (18).
An analysis of this EST (number 191A6T7) indicated that it was not a full-length clone (19). The EST was used as a probe to screen an Arabidopsis cDNA library, and full-length cDNA clones were isolated (19). The cDNA clones contain a 1677-nucleotide open reading frame encoding a 63.5-kD protein and correspond to a region of the fully sequenced Arabidopsis bacterial artificial chromosome (BAC) T18E12 (20). The cDNA and the corresponding genomic clone have been designated AtFT1. Analysis of the BAC indicates that there may be a second glycosyltransferase approximately 300 base pairs downstream from AtFT1 that is 63% similar to AtFT1 at the amino acid level. In addition, two other Arabidopsis ESTs and three Arabidopsis genomic sequences that show significant similarity to AtFT1 have been observed in the databases (21). Thus, Arabidopsis may carry a family of FTases, each differentially regulated by such factors as environmental stress, tissue localization, or developmental stage, or specific to different acceptors.
To confirm the identity of AtFT1 as encoding a fucosyltransferase using XG as an acceptor, we prepared polyclonal antibodies directed against AtFT1 overexpressed in Eschicheria coli and used them to immunoprecipitate proteins from carbonate-washed, detergent-solubilized Arabidopsis proteins (22, 23). The immunoprecipitated proteins were then assayed for XG FTase activity; 2.6-fold more FTase activity was correlated with pellets derived from immunoprecipitation reactions using immune antiserum rather than preimmune serum, thereby confirming that the Arabidopsis clone encodes a XG FTase (Fig. 2) . In addition, a COS cell line expressing AtFT1 showed in vitro FTase activity that was 41 times higher than that of COS cells transformed with an empty vector ( Fig. 2) (24). Taken together, these data indicate that AtFT1 is involved in XG biosynthesis.
Although AtFT1 has some structural characteristics common to other fucosyltransferases, it is quite divergent at the amino acid sequence level. Hydrophobicity plots predict that there may be an NH 2 -terminal transmembrane signal anchor sequence. In vitro translation in the presence of canine pancreatic microsomes followed by carbonate washing of the products indicates that the AtFT1 translation product is a membrane protein (25) . As with other glycosyltransferases, the COOH-terminal region is predicted to be largely hydrophilic. AtFT1 is not significantly similar to any other FTases from other organisms, although multiple sequence alignments have identified three motifs that appear to be conserved among all ␣1,2-FTases (26 ).
One of these motifs, described previously, is found in all ␣1,2-and ␣1,6-FTases for which sequence data are known (27 ) . Because these proteins have different acceptor molecules but share the same sugar nucleotide donor (GDP-fucose), it is possible that these regions are involved in GDPfucose binding or conserved structural characteristics. Some small regions of similarity are observed between AtFT1 and NodZ, a fucosyltransferase in Rhizobium involved in the synthesis of nodulation factors. The unique nature of this FTase will allow its use as a tool for identifying other plantspecific glycosyltransferases. Hundreds to thousands of different genes (28) are needed to synthesize the various polysaccharides that compose the cell wall. Substrate acceptors and assays remain unavailable for many of these enzymes. Identification of other carbohydrate transferases, perhaps by sequence similarity, could lead to tailored in vitro production of carbohydrates as well as an understanding of how the complex plant cell wall is biosynthesized.
15. Samples were incubated at room temperature for 20 min (for immunoprecipitation samples) or 30 min (for protein purification samples) with 25 mM Pipes-KOH (pH 6.2), tamarind XG (0.5 mg/ml), and GDP-[ 3 H ]-fucose to a final concentration of 3.3 nM (573 GBq/ mmol; NEN, Boston, MA). Most assays also contained 50 M nonradiolabeled GDP-fucose. Assays of immunoprecipitation samples also contained 5 mM MgCl 2 . Reactions were precipitated with 70% ethanol, and 3 H incorporation was measured by scintillation counting. The amount of fucose incorporated into the product was used to calculate activity in nanokats. 16. Two-centimeter segments, excised just below the apical hook of etiolated Pisum sativum, cv Alaska, were collected and homogenized in 1.5 volumes of buffer [50 mM Hepes (pH 7.5); 1 mM EDTA (pH 8.0); 0.4 M sucrose; 1 mM dithiothreitol (DT T); 0.1 mM phenylmethylsulfonyl fluoride (PMSF); and 1 g each of aprotinin, leupeptin, and pepstatin per millimeter]. The homogenate was filtered and centrifuged at 2,000g for 15 min, and the supernatant was centrifuged at 100,000g for 1 hour. The resulting pellets were washed and homogenized in the presence of 0.1 M Na 2 CO 3 to strip away peripheral membrane proteins (13) . The suspension was centrifuged at 100,000g for 1 hour, and the resulting pellets were washed and resuspended in buffer [50 mM Pipes-KOH (pH 6.2), 20% glycerol, 1 mM EDTA, 1 mM DT T, 0.1 M PMSF, and 1 g each of aprotinin, leupeptin, and pepstatin per millimeter]. The suspension was homogenized, Triton X-100 was added to a final volume of 0.8%, and the sample was stirred for 1 to 2 hours to solubilize membrane proteins before centrifugation a final time at 100,000g for 1 hour. Supernatant was collected and saved. When Arabidopsis cell suspension culture was used as a tissue source, the procedure was identical except that the cells were lysed with a French pressure cell at 4000 psi. Pea carbonate-washed supernatants were pooled and separated on a GDP agarose affinity chromatography column, and GDPbinding proteins were eluted by means of excess free GDP. Protein levels were monitored by absorbance at 280 nm. The protein samples were desalted on a Sephadex G-25 column, concentrated, and further separated on a Phenomenex SEC 4000 size exclusion column. Some samples were further purified with a Poros QE or Resource Q anion exchange column and were subsequently separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 17. Tamarind seed XG was fucosylated by purified pea FTase equal to 33 pKat total activity [assay conditions were as follows: tamarind XG (1 mg/ml), 1.5 mM GDP-fucose, and 50 mM Pipes-KOH (pH 6.2)]. The XG product was precipitated with ethanol, resuspended in water, reprecipitated, and sent to the Complex Carbohydrate Research Center (Athens, GA) for linkage analysis. An equal amount of tamarind XG was also submitted for linkage analysis. 18. Proteins in size exclusion column eluate fractions containing peak amounts of FTase activity were concentrated with a Millipore 4-ml 10-kD concentrator and separated by electrophoresis. After brief staining with Coomassie brilliant blue R250 and destaining, the separated proteins were excised, rinsed in 50% acetonitrile, stored at -80°C, and sent to Harvard Microchemistry (Cambridge, MA) for tryptic peptide sequencing. The following six peptide sequences were obtained: VFGFLGR, YLLHPTNNVWGLVVR, AV-LITSLSSGYFEK, YYDAYLAK, LLGGLLADGFDEK, and ES-ILPDVNR (29) . Using these peptides as a query, the Blastp program identified an Arabidopsis EST, 191A6T7, which encoded four out of six peptides. 19. Northern (RNA) blot analysis using the 858-nucleotide EST 191A6T7 as a probe detected an approximately 2-kb transcript, which indicates that the EST did not contain the full-length cDNA (R. M. Perrin, data not shown). through 566 was amplified by polymerase chain reaction using appropriate primers and cloned into the pET28a expression vector (Novagen, Madison, WI). The resulting insoluble fusion protein was purified by washing of inclusion bodies four times with 1% Triton X-100, 50 mM Hepes-KOH (pH 7.6), and 10 mM MgCl 2 and washing one time with 25 mM Hepes-KOH (pH 7.0) and 8 M urea. The pellet was resuspended in 6 M guanidine-HCl, and protein was precipitated from the supernatant with 10% trichloroacetic acid. The protein was emulsified with Titermax adjuvent (CytRx Corporation, Norcross, GA) and injected into a rabbit. For protein immunoblotting, 40 l of carbonate-washed solubilized protein from Arabidopsis and 50 ng of purified antigen were separated by SDS-PAGE and electroblotted. Antibodies to AtFT1 (dilution, 1: 5000) were used for protein immunoblotting. Horseradish peroxidase-conjugated goat antibodies raised against rabbit antibodies were used as secondary antibodies. Signals were detected by the enhanced chemiluminescence method (Pierce, Rockford, IL volume of protein A-Sepharose slurry was added to precipitate the antigen-antibody complexes, and the samples were incubated for an additional 3 hours with rocking at 4°C. Samples were then centrifuged and washed five times in buffer A containing 1% Triton X-100 and two times in buffer A without detergent. The pellets were resuspended in buffer A to a final volume of 120 l and assayed for AtFTase activity as described above. 24. Cos-7 cells were grown on 100-mm plates in Dulbecco's modified Eagle's medium (DMEM) and 10% fetal bovine serum. Cells were transfected with different plasmids using Lipofectamine reagent (Life Technologies) according to the manufacturerЈs instructions, using 9 g of DNA and 72 g of Lipofectamine. Cells were incubated for 24 hours in the medium containing DNA and Lipofectamine without fetal bovine serum. The medium was then changed to DMEM plus 10% fetal bovine serum and incubated for another 48 hours. The cells were scraped off the dish in 0.25 M sucrose, 10 mM tris-HCl (pH 7.5), and 0.4% CHAPS. XG-FTase activity was measured with 50 g of protein in the absence or presence of 100 g of tamarind XG. The incubation was carried out in a volume of 0.1 ml in the presence of 1 M GDP-fucose (93,000 disintegrations per minute), 10 mM MnCl 2 , 20 mM Hepes (pH 7.0), and 0.05% Triton X-100 at 25°C for 90 min. The reaction was halted by the addition of ethanol to a final concentration of 70%. Samples were incubated at 4°C and filtered through 1.5-m glass fiber filters. The filters were washed with 70% ethanol containing 1 mM EDTA. The filters were then dried and radioactivity was determined by liquid scintillation. A biological control using pea Golgi vesicles was carried out in parallel. The experience of pain is subjectively different from the fear and anxiety caused by threats of pain. Functional magnetic resonance imaging in healthy humans was applied to dissociate neural activation patterns associated with acute pain and its anticipation. Expectation of pain activated sites within the medial frontal lobe, insular cortex, and cerebellum distinct from, but close to, locations mediating pain experience itself. Anticipation of pain can in its own right cause mood changes and behavioral adaptations that exacerbate the suffering experienced by chronic pain patients. Selective manipulations of activity at these sites may offer therapeutic possibilities for treating chronic pain.
Intense, noxious stimulation leads to physiological, emotional, and behavioral changes of obvious adaptive significance (1). One is the experience of pain, which minimizes immediate harm by motivating escape (2) . A second is the activation of mechanisms to prevent future harm by learning to recognize signals of impending pain (3), allowing future painful events to be expected and thus avoided. Functional neuroimaging has previously been used to identify cerebral activation patterns associated with the experience of pain (4, 5) . Brain areas activated during peripheral painful stimulation included anterior cingulate, insular, prefrontal and somatosensory cortices, and the thalamus (6) . Attempts to discriminate between brain responses associated with the expectation of pain and those associated with the direct experience of pain are only now beginning (7). This distinction is important because not only do these two processes have the separate adaptive consequences outlined above, but they also have potentially separate, maladaptive consequences. For example, expectation of pain by itself may be an important factor in the development of chronic pain syndromes (8) . A dissection of the functional neuroanatomies of the expectation and the experience of pain could therefore aid development of therapeutic strategies for the treatment of chronic and acute pain.
Twelve healthy volunteers underwent functional magnetic resonance imaging (f MRI) (9) while being presented with a pseudo-random sequence of two intensities of thermal stimulation (painful hot or nonpainful warm). Colored lights signaled in advance the two kinds of thermal stimulation. Subjects learned during the imaging session which color signaled pain and which signaled warmth (10) . We identified brain regions involved in the experience of pain by comparing brain activation during pain with activation during warm stimulation. This comparison, denoted "pain," controls for somatosensory input unrelated to pain. In addition, we identified brain regions involved in the anticipation of pain by comparing brain activation during the colored light preceding pain to activation during the colored light preceding warm stimulation. This comparison, denoted "anticipation," controls for anticipatory processes unrelated to pain (11) .
Interviews after the experiment confirmed that all subjects were aware of the relation between the light color and the intensity of the thermal stimulation. Subjects rated painful heat significantly higher than nonpainful warmth on two 11-point visual analog scales measuring intensity [mean Ϯ SD, 7.3 Ϯ 
